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Abstract
We present a phenomenological study of top squarks (t˜1,2) and bottom squarks
(b˜1,2) in the Minimal Supersymmetric Standard Model (MSSM) with complex pa-
rameters At, Ab, µ and M1. In particular we focus on the CP phase dependence of
the branching ratios of t˜1,2 and b˜1,2 decays. We give the formulae of the two-body
decay widths and present numerical results. We find that the effect of the phases
on the t˜1,2 and b˜1,2 decays can be quite significant in a large region of the MSSM
parameter space. This could have important implications for t˜1,2 and b˜1,2 searches
and the MSSM parameter determination in future collider experiments. We have
also estimated the accuracy expected in the determination of the parameters of t˜i
and b˜i by a global fit of the measured masses, decay branching ratios and produc-
tion cross sections at e+e− linear colliders with polarized beams. Analysing two
scenarios, we find that the fundamental parameters apart from At and Ab can be
determined with errors of 1% to 2%, assuming an integrated luminosity of 1 ab−1
and a sufficiently large c.m.s. energy to produce also the heavier t˜2 and b˜2 states.
The parameter At can be determined with an error of 2 – 3%, whereas the error on
Ab is likely to be of the order of 50%.
1 Introduction
Supersymmetry (SUSY) is one of the most attractive and best studied extensions of the
standard model (SM) [1]. With SUSY the hierarchy problem can be solved and the mass
of the Higgs boson can be stabilized against radiative corrections. While this is certainly
the main motivation, SUSY gives us the additional benefit of introducing potential new
sources of CP violation [2, 3]. As the tiny amount of CP violation in the SM is not
sufficient to explain the baryon asymmetry of the universe [4], the systematic study of all
implications of the complex SUSY parameters becomes absolutely necessary.
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In the present paper we study the effects of complex SUSY parameters on the phe-
nomenology of the scalar top quark and scalar bottom quark system. Analysing the
properties of 3rd generation sfermions is particularly interesting, because of the effects
of the large Yukawa couplings. Their lighter mass eigenstates may be among the light
SUSY particles and they could be investigated at the Tevatron and at e+e− linear colliders
[5]–[12]. At LHC these states can be produced directly or in cascade decays of heavier
SUSY particles [13]–[16]. Analyses of the decays of the 3rd generation sfermions t˜1,2, b˜1,2,
τ˜1,2 and ν˜τ in the Minimal Supersymmetric Standard Model (MSSM) with real parame-
ters have been performed in Refs. [17]–[19]. Phenomenological studies of production and
decays of the 3rd generation sfermions at future e+e− linear colliders, again in the real
MSSM, have been made in Refs. [6]–[9].
In the MSSM several SUSY breaking parameters and the higgsino mass parameter µ
can be complex. In a complete phenomenological analysis of production and decays of
third generation sfermions one has to take into account that the SUSY parameters Af ,
µ and Mi (i = 1, 2, 3) are complex in general, where Af is the trilinear scalar coupling
parameter of the sfermion f˜i, and the M1, M2 and M3 are the U(1), SU(2) and SU(3)
gaugino mass parameters, respectively. This means that one has to study the effects of
the phases of the parameters on all observables.
An unambiguous signal for the CP phases would be provided by a measurement of a
CP-odd observable. For example, in the case of sfermion decays a rate asymmetry [20]
and triple product correlations [21, 22] have been proposed as such observables. However,
since it may be difficult to measure these CP-odd observables of the sfermions, CP-even
observables like decay branching ratios may also be suitable to obtain informations about
the SUSY CP phases. For example, the decay branching ratios of the Higgs bosons depend
strongly on the complex phases of the t˜ and b˜ sectors [23]–[25], while those of the staus τ˜1,2
and τ -sneutrino ν˜τ can be quite sensitive to the phases of the stau and gaugino-higgsino
sectors [26]. Also the Yukawa couplings of the third generation sfermions are sensitive
to the SUSY phases at one-loop level [27]. Furthermore, explicit CP violation in the
Higgs sector can be induced by t˜ and b˜ loops if the parameters At, Ab and µ are complex
[23, 28, 29, 30]. It is found [23, 25, 28, 31] that these CP phase effects could significantly
influence the phenomenology of the Higgs boson sector.
The experimental upper bounds on the electric dipole moments (EDM’s) of electron,
neutron and the 199Hg and 205Tl atoms may impose constraints on the size of the SUSY
CP phases [32, 33]. However, these constraints are highly model dependent. This means
that the various SUSY CP phases need not necessarily be small. For instance, if we adopt
the MSSM and assume a cancellation mechanism [34], it turns out that the phase of µ is
restricted as |ϕµ| <∼ π/10 while the phases ϕAf of the Af parameters are not constrained.
On the other hand, the size of |ϕµ| is not constrained by the EDM’s in a model where
the masses of the first and second generation sfermions are large (above the TeV scale)
while the masses of the third generation sfermions are small (below 1 TeV) [35]. The
restrictions on ϕµ due to the electron EDM can also be circumvented if lepton flavour
violating terms are present in the slepton sector [36]. Less restrictive constraints on the
phases appear at two-loop level where 3rd generation sfermion loops can contribute to
the EDM’s [37].
In this article we focus on the influence of the CP violating SUSY phases on the
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fermionic and bosonic two-body decay branching ratios of 3rd generation squarks t˜1,2 and
b˜1,2. We use the MSSM as a general framework and we assume that the parameters At,
Ab, µ and M1 are complex with phases ϕAt , ϕAb , ϕµ and ϕU(1), respectively (taking M2,3
real). We neglect flavor changing CP phases and assume that the squark mass matrices
and trilinear scalar coupling parameters are flavor diagonal. We take into account the
explicit CP violation in the Higgs sector. If the top squark and bottom squark decay
branching ratios show an appreciable phase dependence, this would also affect the analyses
of the various gluino cascade decays such as those in [15]. In [38] we have published first
results of our study. In the present paper we give the analytic expressions for the various
decay widths for the complex parameters and study in detail the phase dependences of
the branching ratios. We take into account the restrictions on the MSSM parameters
from the experimental data on the rare decay b → sγ [39]. Furthermore, we give a
theoretical estimate of the precision expected for the determination of the complex top
squark and bottom squark parameters by measuring suitable observables including the
decay branching ratios in typical future collider experiments.
In Section 2 we give the formulae necessary to calculate the t˜i and b˜i two-body decay
widths in the presence of CP phases. In Section 3 we present our numerical results.
In Section 4 we give a theoretical estimate how precisely the complex top squark and
bottom squark parameters can be determined at future collider experiments. We present
our conclusions in Section 5.
2 Squark masses, mixing and decay widths
2.1 Masses and mixing in squark sector
The left-right mixing of the top squarks and bottom squarks is described by a hermitian
2× 2 mass matrix which in the basis (q˜L, q˜R) reads
Lq˜M = −(q˜†L, q˜†R)

 M2q˜LL M2q˜LR
M2q˜RL M
2
q˜RR



 q˜L
q˜R

 , (1)
with
M2q˜LL = M
2
Q˜
+ (Iq3L − eq sin2 θW ) cos 2β m2Z +m2q, (2)
M2q˜RR = M
2
Q˜′
+ eq sin
2 θW cos 2β m
2
Z +m
2
q , (3)
M2q˜RL = (M
2
q˜LR
)∗ = mq
(
Aq − µ∗(tan β)−2I
q
3L
)
, (4)
where mq, eq and I
q
3L are the mass, electric charge and weak isospin of the quark q =
b, t. θW denotes the weak mixing angle, tan β = v2/v1 with v1 (v2) being the vacuum
expectation value of the Higgs field H01 (H
0
2 ) and MQ˜′ = MD˜ (MU˜) for q = b (t). MQ˜,
MD˜,MU˜ , Ab and At are the soft SUSY-breaking parameters of the top squark and bottom
squark system. In the case of complex parameters µ and Aq the off-diagonal elements
M2q˜RL = (M
2
q˜LR
)∗ are also complex with the phase
ϕq˜ = arg
[
M2q˜RL
]
= arg
[
Aq − µ∗(tan β)−2I
q
3L
]
. (5)
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The mass eigenstates are (
q˜1
q˜2
)
= Rq˜
(
q˜L
q˜R
)
(6)
with the q˜-mixing matrix
Rq˜ =

 eiϕq˜ cos θq˜ sin θq˜
− sin θq˜ e−iϕq˜ cos θq˜

 , (7)
cos θq˜ =
−|M2q˜LR|√
|M2q˜LR|2 + (m2q˜1 −M2q˜LL)2
, sin θq˜ =
M2q˜LL −m2q˜1√
|M2q˜LR|2 + (m2q˜1 −M2q˜LL)2
(8)
and the mass eigenvalues
m2q˜1,2 =
1
2
(
M2q˜LL +M
2
q˜RR
∓
√
(M2q˜LL −M2q˜RR)2 + 4|M2q˜LR|2
)
, mq˜1 < mq˜2 . (9)
2.2 Fermionic decay widths of t˜i and b˜i
In the following we give the formulae necessary to calculate the two-body decay widths of
t˜i and b˜i into charginos and neutralinos in the presence of the CP phases. The b− t˜i− χ˜±k
and t− b˜i − χ˜±k couplings are defined by
Lqq˜χ˜+ = g t¯ (ℓb˜ij PR + kb˜ij PL) χ˜+j b˜i + g b¯ (ℓt˜ij PR + kt˜ij PL) χ˜+cj t˜i + h.c. (10)
with
PL =
1
2
(1− γ5), PR = 1
2
(1 + γ5), (11)
ℓt˜ij = −Rt˜
∗
i1Vj1 + YtRt˜
∗
i2Vj2, k
t˜
ij = Rt˜
∗
i1 YbU
∗
j2, (12)
ℓb˜ij = −Rb˜
∗
i1Uj1 + YbRb˜
∗
i2Uj2, k
b˜
ij = Rb˜
∗
i1 Yt V
∗
j2 (13)
and
Yt =
mt√
2mW sin β
, Yb =
mb√
2mW cos β
, (14)
where g is the SU(2)L gauge coupling and the 2×2 chargino mixing matrices U and V are
defined in Eq. (48).
The q − q˜i − χ˜0k couplings (q = t, b) are defined by
Lqq˜χ˜0 = g q¯ (aq˜ik PR + bq˜ik PL) χ˜0k q˜i + h.c. , (15)
with
aq˜ik =
2∑
n=1
(Rq˜in)∗Aqkn, bq˜ik =
2∑
n=1
(Rq˜in)∗ B qkn , (16)
where
Aqk =
(
f qLk
hqRk
)
, Bqk =
(
hqLk
f qRk
)
, (17)
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f tLk = −
1√
2
(
Nk2 +
1
3
tan θWNk1
)
,
f tRk =
2
√
2
3
tan θWN
∗
k1 ,
htLk = (h
t
Rk)
∗ = −YtN∗k4 , (18)
and
f bLk =
1√
2
(
Nk2 − 1
3
tan θWNk1
)
,
f bRk = −
√
2
3
tan θWN
∗
k1 ,
hbLk = (h
b
Rk)
∗ = −YbN∗k3 . (19)
The 4×4 neutralino mixing matrix N is defined in Eq. (50).
The partial decay widths of q˜i (q˜i = t˜i, b˜i) into fermionic final states then read
Γ(q˜i → q′ + χ˜±k ) =
g2λ
1
2 (m2q˜i , m
2
q′, m
2
χ˜±
k
)
16πm3q˜i
×
[(
|kq˜ik|2 + |ℓq˜ik|2
)(
m2q˜i −m2q′ −m2χ˜±
k
)
− 4Re(kq˜∗ik ℓq˜ik)mq′mχ˜±k
]
(20)
and
Γ(q˜i → q + χ˜0k) =
g2λ
1
2 (m2q˜i, m
2
q , m
2
χ˜0
k
)
16πm3q˜i
×
[(
|aq˜ik|2 + |bq˜ik|2
)(
m2q˜i −m2q −m2χ˜0k
)
− 4Re(aq˜∗ikbq˜ik)mqmχ˜0k
]
(21)
with λ(x, y, z) = x2 + y2 + z2 − 2(xy + xz + yz).
2.3 Bosonic decay widths of t˜i and b˜i
Here we show the couplings relevant for the two-body decays of t˜i and b˜i into gauge and
Higgs bosons. The q˜i − q˜′j −W± couplings are defined by
Lq˜q˜′W = −ig (AWb˜i t˜j W
+
µ t˜
†
j
↔
∂µ b˜i + A
W
t˜i b˜j
W−µ b˜
†
j
↔
∂µ t˜i) (22)
with
AW
b˜i t˜j
= (AW
t˜j b˜i
)∗ =
1√
2
Rb˜i1
∗Rt˜j1 . (23)
The q˜i − q˜j − Z interaction Lagrangian reads
Lq˜q˜Z = −ig BZij Zµ q˜†j
↔
∂µ q˜i (24)
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with
BZij =
1
cos θW

 Iq3L cos2 θq˜ − eq sin2 θW −12 Iq3L sin 2θq˜ e−iϕq˜
−1
2
Iq3L sin 2θq˜ e
iϕq˜ Iq3L sin
2 θq˜ − eq sin2 θW

 . (25)
The q˜i − q˜′j −H± couplings are defined by
Lq˜q˜H± = g
(
CH
t˜j b˜i
H+t˜†j b˜i + C
H
b˜j t˜i
H−b˜†j t˜i
)
(26)
with
CH
t˜i b˜j
= (CH
b˜j t˜i
)∗ =
1√
2mW
(Rt˜GRb˜†)ij (27)
and
G =


m2b tan β +m
2
t cotβ −m2W sin 2β mb (|Ab|e−iϕAb tan β + |µ|eiϕµ)
mt (|At|eiϕAt cot β + |µ|e−iϕµ) 2mtmb
sin 2β

 . (28)
For the couplings of squarks to neutral Higgs bosons we have the Lagrangian
Lq˜q˜H = −g C(q˜†kHiq˜j) q˜†kHiq˜j (k, j = 1, 2) (29)
with
C(q˜†kHiq˜j) = Rq˜ ·


C(q˜†LHiq˜L) C(q˜
†
LHiq˜R)
C(q˜†RHiq˜L) C(q˜
†
RHiq˜R)

 · Rq˜†, (30)
where for q˜ = t˜
C(t˜†LHit˜L) =
m2t
mW sin β
O2i +
mZ
cos θW
(
1
2
− 2
3
sin2 θW
)
(cos βO1i − sin βO2i) , (31)
C(t˜†RHit˜R) =
m2t
mW sin β
O2i +
2mZ
3 cos θW
sin2 θW (cos βO1i − sin βO2i), (32)
C(t˜†LHit˜R) =
mt
2mW sin β
{−i (cos β|At|e−iϕAt + sin β|µ|eiϕµ)O3i
− (|µ|eiϕµO1i − |At|e−iϕAtO2i)}, (33)
C(t˜†RHit˜L) = [C(t˜
†
LHit˜R)]
∗, (34)
while for q˜ = b˜
C(b˜†LHib˜L) =
m2b
mW cos β
O1i − mZ
cos θW
(
1
2
− 1
3
sin2 θW
)
(cos βO1i − sin βO2i) , (35)
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C(b˜†RHib˜R) =
m2b
mW cos β
O1i − mZ
3 cos θW
sin2 θW (cos βO1i − sin βO2i), (36)
C(b˜†LHib˜R) =
mb
2mW cos β
{−i (sin β|Ab|e−iϕAb + cos β|µ|eiϕµ)O3i
− (|µ|eiϕµO2i − |Ab|e−iϕAbO1i)}, (37)
C(b˜†RHib˜L) = [C(b˜
†
LHib˜R)]
∗. (38)
Here the 3× 3 neutral Higgs mixing matrix O is defined in Eq. (46).
The partial decay widths for q˜i = t˜i, b˜i into bosonic final states are then of the following
forms:
Γ(q˜i → W± + q˜′j) =
g2|AWq˜iq˜′j |
2λ
3
2 (m2q˜i, m
2
W , m
2
q˜′j
)
16πm2Wm
3
q˜i
, (39)
Γ(q˜2 → Z + q˜1) =
g2|BZ21|2λ
3
2 (m2q˜2, m
2
Z , m
2
q˜1)
16πm2Zm
3
q˜2
, (40)
Γ(q˜i → H± + q˜′j) =
g2|CHq˜′j q˜i|
2λ
1
2 (m2q˜i, m
2
H± , m
2
q˜′j
)
16πm3q˜i
, (41)
Γ(q˜2 → Hi + q˜1) =
g2|C(q˜†1Hiq˜2)|2λ
1
2 (m2q˜2, m
2
Hi
, m2q˜1)
16πm3q˜2
. (42)
3 Numerical results
Before presenting numerical results, we briefly comment on the CP phase dependence of
the q˜i ¯˜qj pair production cross sections. The reaction e
+e− → q˜i¯˜qj (q˜i = t˜i, b˜i) proceeds via
γ and Z exchange in the s-channel. The Zq˜iq˜j couplings are defined in Eqs. (24) and (25).
The tree-level cross sections [8, 9] of the reactions e+e− → q˜i¯˜qj do not explicitly depend
on the phases ϕµ and ϕAq . In the case of the reaction e
+e− → q˜i¯˜qi, i = 1, 2, the couplings
Zq˜iq˜i are real. In e
+e− → q˜1¯˜q2 only Z exchange contributes and consequently the phase
ϕq˜ drops out in the matrix element squared. The tree-level cross sections depend only
on the mass eigenvalues mq˜1,2 and on the mixing angle cos
2 θq˜. Therefore, they depend
only implicitly on the phases via the cos(ϕµ + ϕAq) dependence of mq˜1,2 and θq˜ (Eqs. (8)
and (9)). One-loop corrections to the cross sections have been calculated in [40] for real
parameters. In the energy range considered here they are of the order of 10%. For
complex parameters they are expected to be of the same order of magnitude. Therefore
we further expect that the direct influence of the phases on the cross sections as caused
by one-loop corrections would be within a few percent. These phase effects on the cross
sections would be much smaller than those on the tree-level decay widths studied in this
paper.
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In the following we will present numerical results for the phase dependences of the t˜i
and b˜i partial decay widths and branching ratios. We calculate the partial decay widths in
Born approximation according to the expressions given in the preceding section. In some
cases the one-loop SUSY QCD corrections are important. The analyses of [18, 41, 42]
suggest that a significant part of the one-loop SUSY QCD corrections to certain partial
widths of t˜i and b˜i decays (where the bottom Yukawa coupling gYb is involved) can be
incorporated by using an appropriately corrected bottom quark mass. In this spirit we
calculate the tree-level widths of the t˜i and b˜i decays by using on-shell masses for the
kinematic terms (such as a phase space factor) and by taking running t and b quark
masses for the Yukawa couplings gYt,b. For definiteness we take m
run
t (mZ) = 150 GeV,
mon-shellt = 175 GeV, m
run
b (mZ) = 3 GeV and m
on-shell
b = 5 GeV. This approach leads to
an “improved” Born approximation which takes into account an essential part of the one-
loop SUSY QCD corrections to the t˜i and b˜i partial decay widths and predicts their phase
dependences more accurately than the “naive” tree-level calculation. The inclusion of the
full one-loop corrections to the partial decay widths of t˜i and b˜i is beyond the scope of the
present paper. One-loop corrections to partial decay widths of t˜i and b˜i have been given
in [43, 44] for real MSSM parameters and are of the order of 10%. We expect that for
complex parameters they are of the same order of magnitude. In the calculation of the CP
violating effects in the neutral Higgs sector we take the program FeynHiggs2.0.2 of [30],
which includes the full one-loop corrections to the mass eigenvalues and mixing matrix
of the neutral Higgs bosons for complex parameters. For comparison we have also used
the program cph.f of [28]. We have found agreement between the results obtained with
cph.f and the one-loop version of FeynHiggs2.0.2. There are small numerical differences
between the results of cph.f and the two-loop version of FeynHiggs2.0.2.
In the numerical analysis we impose the following conditions in order to fulfill the
experimental and theoretical constraints:
(i) mχ˜±1 > 103 GeV, mχ˜
0
1
> 50 GeV, mt˜1,b˜1 > 100 GeV, mt˜1,b˜1 > mχ˜01 ,
(ii) for incorporating the experimental bound on the mass of the lightest Higgs boson H1
we use Fig. 4 of [45], replacingmh bymH1 and sin
2(β−α) by (O11 cos β+O21 sin β)2,1
(iii) 2.0×10−4 < B(b→ sγ) < 4.5×10−4 [39] assuming the Kobayashi-Maskawa mixing
also for the squark sector,
(iv) ∆ρ(t˜− b˜) < 0.0012 [46],
(v) |At|2 < 3(M2Q˜ +M2U˜ +m22), |Ab|2 < 3(M2Q˜ +M2D˜ +m21) with
m21 = (m
2
H± +m
2
Z sin
2 θW ) sin
2 β − 1
2
m2Z , m
2
2 = (m
2
H± +m
2
Z sin
2 θW ) cos
2 β − 1
2
m2Z .
Conditions (i) and (ii) are imposed to satisfy the experimental mass bounds from LEP
[45, 47, 48]. Note that the CP violation effect reduces the Z − Z −H1 coupling because
H1 can have an admixture of the CP-odd Higgs state a. The vertical axis of Fig. 4 of [45]
describes the Z − Z − h coupling in the case of the MSSM with real parameters, which
is reduced by a factor sin2(β − α) in comparison to the SM. The CP violating effects
1Note that O11 ∼ − sinα, O21 ∼ cosα and H1 ∼ h for mH± ≫ mZ .
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can easily be included by using (O11 cos β + O21 sin β)
2 instead of sin2(β − α). For the
calculation of the b→ sγ width in condition (iii) we use the formula of [49] including the
O(αs) corrections as given in [50]. (iv) constrains µ and tanβ (in the squark sector). (v)
is the approximate necessary condition for the tree-level vacuum stability [51].
Inspired by the gaugino mass unification we take |M1| = 5/3 tan2 θWM2 and mg˜ =
(αs(mg˜)/α2)M2 with mg˜ = M3. In the numerical study for t˜1,2 decays we take tan β,M2,
mt˜1 , mt˜2 , mb˜1 , |At|, |Ab|, |µ|, ϕAt, ϕAb, ϕµ, ϕU(1) and mH± as input parameters, where mt˜1,2
and mb˜1,2 are the on-shell squark masses. From these input parameters we first calculate
MQ˜ and MU˜ according to the formulae
M2
Q˜
=
1
2
(
m2t˜1 +m
2
t˜2
±
√
(m2
t˜2
−m2
t˜1
)2 − 4m2t |At − µ∗ cot β|2
)
− (1
2
− 2
3
sin2 θW ) cos 2β m
2
Z −m2t , (43)
M2
U˜
=
1
2
(
m2t˜1 +m
2
t˜2
∓
√
(m2
t˜2
−m2
t˜1
)2 − 4m2t |At − µ∗ cot β|2
)
− 2
3
sin2 θW cos 2β m
2
Z −m2t . (44)
We resolve the sign ambiguity by assuming either MQ˜ ≥MU˜ or MQ˜ < MU˜ : upper (lower)
signs correspond to the caseMQ˜ ≥MU˜ (MQ˜ < MU˜ ).2 With Eq. (8) this uniquely fixes the
mixing angle θt˜. Next we calculate MD˜ using MQ˜ and mb˜1 and then mb˜2 and the mixing
angle θb˜ as well as the mass eigenvalues and mixing matrices of the charginos, neutralinos
and the neutral Higgs bosons. For b˜1,2 decays we take the same input parameters with
mt˜2 replaced by mb˜2 and proceed in the analogous way by interchanging MU˜ ↔MD˜.
3.1 Top squark decays
In this subsection we present numerical results for the dependence of the t˜1 and t˜2 par-
tial decay widths on ϕAt , ϕAb and ϕµ. In order not to vary too many parameters we
fix (mt˜1 , mt˜2 , mb˜1) = (350, 700, 170) GeV [(350, 800, 170) GeV] in the plots for the t˜1[t˜2]
decays. We have selected the parameters in this subsection such that fermionic as well
as bosonic decays are allowed at the same time. In particular, the choice mb˜1 = 170 GeV
has been made to allow the decays t˜1 → b˜1W+ and t˜1 → b˜1H+. We consider the cases
MQ˜ ≥ MU˜ and MQ˜ < MU˜ , calculating the values of MQ˜, MU˜ and MD˜ corresponding to
mt˜1 , mt˜2 and mb˜1 for each case, as explained above.
We show in Fig. 1 the partial decay widths and branching ratios for t˜1 → χ˜+1 b, t˜1 →
χ˜+2 b, t˜1 → χ˜01t and t˜1 → W+b˜1 as a function of ϕAt for the parameters tan β = 6,
M2 = 300 GeV, |Ab| = |At| = 800 GeV, ϕµ = π, ϕU(1) = ϕAb = 0, mH± = 900 GeV and
two values of |µ| = 250 and 350 GeV. Figs. 1 (a) – (c) (Figs. 1 (d) – (f)) are forMQ˜ > MU˜
(MQ˜ < MU˜). We first discuss Fig. 1 (a), (b) for the case MQ˜ > MU˜ and |µ| = 350 GeV.
As can be seen in Fig. 1 (a), Γ(t˜1 → χ˜+1 b) and Γ(t˜1 → χ˜01t) show quite a significant ϕAt
dependence. The corresponding branching ratios are shown in Fig. 1 (b). For ϕAt ≈ 0 and
2The hierarchy is determined by the t˜i mixing angle θt˜, which can be determined by cross section
measurements with polarized beams [8, 9].
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2π the decay t˜1 → χ˜01t dominates, whereas for ϕAt ≈ π the decay t˜1 → χ˜+1 b has the largest
branching ratio. This decay pattern can be explained in the following way: ForMQ˜ > MU˜
the t˜1 is t˜R-like. For |µ| > M2 and the parameters chosen, the chargino (χ˜±1 ) is W˜±-like
with mχ˜±1 = 279 GeV, so that the decay t˜1 → χ˜
+
1 b is suppressed by the vanishing t˜R-b-W˜
+
coupling and by small phase space. For the parameters chosen we have |At| ≫ |µ|/ tanβ,
therefore |M2
t˜RL
| and hence θt˜ depend only weakly on ϕAt . However, we have ϕt˜ ≈ ϕAt (see
Eq. (5)), therefore Γ(t˜1 → χ˜+1 b) behaves like (1 − cosϕAt): the leading coupling term in
this decay is ℓt˜11 = −e−iϕt˜ cos θt˜V11 + sin θt˜YtV12 (Eq. (12)), which consists of two terms of
comparable size, the phase ϕt˜(≈ ϕAt) entering only in one of the two terms. Γ(t˜1 → χ˜+1 b)
is very small for ϕAt = 0 and 2π because the two terms nearly cancel each other. The ϕAt
dependence of Γ(t˜1 → χ˜01t) is less pronounced compared to Γ(t˜1 → χ˜+1 b) due to a more
complex coupling structure (Eqs. (16) and (17)). For this reason B(t˜1 → χ˜01t) dominates
for ϕAt . 0.4π and ϕAt >∼ 1.6π, whereas B(t˜1 → χ˜+1 b) is larger for 0.4π . ϕAt . 1.6π. The
branching ratio of t˜1 →W+b˜1 is strongly suppressed for this set of parameters with rather
small tanβ = 6 for which b˜1 is almost purely b˜R-like. In Fig. 1 (c) we plot the branching
ratios for |µ| = 250 GeV. In this case the lighter chargino has a mass mχ˜±1 = 230 GeV and
a significant higgsino component. Hence the decay t˜1 → χ˜+1 b has a large phase space and
large amplitude (due to the large top Yukawa coupling gYt) and dominates independently
of ϕAt, resulting in a weak ϕAt dependence of the branching ratios. For |µ| = 250 GeV
also the decay channel t˜1 → χ˜+2 b (mχ˜±2 = 336 GeV) is open.
Figs. 1 (d) and (e) show the partial decay widths and branching ratios of t˜1 → χ˜+1 b,
χ˜+2 b, χ˜
0
1t andW
+b˜1 against ϕAt forMQ˜ < MU˜ , |µ| = 250 GeV and the other parameters as
above. In this case t˜1 is t˜L-like, therefore for |µ| = 250 GeV (see Fig. 1 (d)) Γ(t˜1 → χ˜+1 b) is
about three times as large as for MQ˜ > MU˜ and |µ| = 350 GeV (Fig. 1 (a)). Γ(t˜1 → χ˜+1 b)
behaves like (1 − cosϕAt), which is again caused by an interplay of the two terms in the
leading coupling ℓt˜11 (Eq. (12)). For ϕAt ≈ 0 the decay t˜1 → χ˜+1 b is suppressed and the
branching ratios of t˜1 → χ˜+2 b, t˜1 → W+b˜1 and t˜1 → χ˜01t reach 25%, 22% and 11%,
respectively (Fig. 1 (e)). For 0.2π . ϕAt . 1.8π the partial decay width and hence the
branching ratio of t˜1 → χ˜+1 b is clearly largest. B(t˜1 → χ˜01t) has values around 10%.
B(t˜1 → W+b˜1) is rather small because b˜1 ≈ b˜R in this case. t˜1 → χ˜+2 b is suppressed by a
small phase space. In Fig. 1 (f) we show the corresponding branching ratios forMQ˜ < MU˜
and |µ| = 350 GeV. In this case the mixing in the bottom squark sector increases and
B(t˜1 → W+b˜1) reaches values around 10% even for ϕAt ≈ π. The decay t˜1 → χ˜+1 b has
the largest branching ratio because t˜1 is t˜L-like and χ˜
+
1 is almost W˜
+-like. Hence in this
scenario all branching ratios show a less pronounced phase dependence. In the scenarios
of Fig. 1 we have calculated also the ϕU(1) dependence of the partial decay widths and
branching ratios. By inspecting Eqs. (16)–(18) one can see that only Γ(t˜1 → χ˜01t) could
be sensitive to ϕU(1). However, for tan β = 6 the ϕU(1) dependence is already rather small.
This results in a weak ϕU(1) dependence of the branching ratios.
In Fig. 2 we show the tanβ dependence of B(t˜1 → χ˜01t) for M2 = 300 GeV, |µ| =
300 GeV, |Ab| = |At| = 600 GeV, ϕU(1) = ϕAb = 0, mH± = 500 GeV, and ϕµ =
0, π/2, 5π/8, π with (a) ϕAt = 0 and (b) ϕAt = π, assuming MQ˜ > MU˜ . As can be seen
this branching ratio is insensitive to ϕµ for tanβ & 15. This is mainly due to the µ/ tanβ
dependence of the t˜L-t˜R mixing term and the insensitivity of the masses and mixing of
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Figure 1: (a), (d) Partial decay widths Γ and (b), (c), (e), (f) branching ratios B of
the decays t˜1 → χ˜+1 b (solid), t˜1 → χ˜+2 b (dotted), t˜1 → χ˜01t (dashed) and t˜1 → W+b˜1
(dashdotted) for tanβ = 6, M2 = 300 GeV, |Ab| = |At| = 800 GeV, ϕµ = π, ϕU(1) =
ϕAb = 0, mt˜1 = 350 GeV, mt˜2 = 700 GeV, mb˜1 = 170 GeV and mH± = 900 GeV. In (a),
(b) and (f) the decay t˜1 → χ˜+2 b is kinematically forbidden.
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Figure 2: Branching ratio B(t˜1 → χ˜01t) for ϕµ = 0 (solid), π/2 (dashed), 5π/8 (dash-
dotted) and π (dotted) with ϕAt = 0 (a) and π (b), M2 = 300 GeV, |µ| = 300 GeV,
|Ab| = |At| = 600 GeV, ϕU(1) = ϕAb = 0, mt˜1 = 350 GeV, mt˜2 = 700 GeV, mb˜1 = 170 GeV
and mH± = 500 GeV, assuming MQ˜ > MU˜ . In (a) the case ϕµ = 0 is excluded by the
limit B(b → sγ) < 4.5 × 10−4, and the lines for ϕµ = π/2 and ϕµ = π end in full circles
beyond which B(b → sγ) > 4.5× 10−4 for (tan β & 21) and B(b→ sγ) < 2.0 × 10−4 for
(tan β & 13), respectively.
χ˜0i to ϕµ for large tan β. Two curves in Fig. 2(a) end in full circles beyond which the
experimental constraint from B(b→ sγ) is violated: in case ϕµ = π/2 (ϕµ = π), one has
B(b→ sγ) > 4.5× 10−4 (B(b→ sγ) < 2.0× 10−4) for tanβ & 21 (tan β & 13). The case
ϕµ = 0 is completely excluded for this set of parameters. However, for ϕAt = π (Fig. 2
(b)) the constraints from B(b→ sγ) are always fulfilled.
We have also calculated the tan β dependence of the branching ratios of the t˜1 decays
for MQ˜ < MU˜ . B(t˜1 → χ˜01t) is smaller in this case. Therefore the effect of the phase on
the tan β dependence is also smaller than in Fig. 2. Moreover, forMQ˜ < MU˜ the situation
is different from that shown in Fig. 2, because now for ϕAt = 0 the whole tan β range is
allowed, whereas for ϕAt = π the constraints from B(b→ sγ) limit the tan β range.
In Fig. 3 (a) we show a contour plot for B(t˜1 → χ˜01t) as a function of ϕAt and ϕµ for
tan β = 6, M2 = 300 GeV, |µ| = 500 GeV, |At| = |Ab| = 800 GeV, ϕU(1) = ϕAb = 0 and
mH± = 600 GeV, assuming MQ˜ > MU˜ . For the parameters chosen the ϕAt dependence is
stronger than the ϕµ dependence. The reason is that these phase dependences are caused
mainly by the t˜L -t˜R mixing term (Eq. (4)), where the ϕµ dependence is suppressed by
cot β. The ϕµ dependence is somewhat more pronounced for ϕAt ≈ π than for ϕAt ≈ 0, 2π.
In Fig. 3 (b) we show the contour plot of B(t˜1 → χ˜01t) as a function of ϕAt and |At| for
ϕµ = 0 and |At| = |Ab|. Clearly, the ϕAt dependence is stronger for larger values of |At|.
For MQ˜ < MU˜ we have obtained a similar behavior. Note that the phase dependences of
the decay branching ratios of t˜1 → χ˜+1 b, t˜1 → χ˜+2 b and t˜1 → χ˜01t analysed in Figs. 1, 2
and 3 (where the decay t˜1 → b˜1H+ is kinematically forbidden) would be present also for
b˜1 masses significantly larger than 170 GeV.
In Fig. 4 we show the contour plot for B(t˜1 → χ˜+1 b) as a function of ϕAt and ϕAb for
tan β = 30,M2 = 300 GeV, |µ| = 300 GeV, |Ab| = |At| = 600 GeV, ϕµ = π, ϕU(1) = 0 and
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Figure 3: Contours of B(t˜1 → χ˜01t) for tanβ = 6, M2 = 300 GeV, |µ| = 500 GeV,
ϕU(1) = ϕAb = 0, mt˜1 = 350 GeV, mt˜2 = 700 GeV, mb˜1 = 170 GeV, mH± = 600 GeV,
with (a) |At| = |Ab| = 800 GeV and (b) ϕµ = 0, |Ab| = |At|, assuming MQ˜ > MU˜ . The
shaded area marks the region excluded by the Higgs search at LEP (i.e. by the condition
(ii)).
mH± = 160 GeV, assuming MQ˜ > MU˜ . As can be seen, there is a remarkable correlation
between ϕAt and ϕAb , which turns out to be relatively independent of ϕµ. The ϕAt-ϕAb
correlation can be explained by the behavior of the partial decay width Γ(t˜1 → H+b˜1),
which influences all decay branching ratios. As b˜1 ∼ b˜R in this case, the relevant coupling
for t˜1 → H+b˜1 is CHb˜1t˜1 ∼ (R
t˜G)∗12 (see Eq. (27)). Rt˜ depends on ϕAt via t˜L-t˜R mixing,
whereas G depends on ϕAb via the coupling term mb (A
∗
b tan β + µ). As ϕt˜ ≈ ϕAt in this
case, we have (Rt˜G)12 ≈ ei(ϕAt−ϕAb ) cos θt˜ ·mb|Ab| tanβ+sin θt˜ ·2mtmb/ sin 2β which clearly
shows the correlation between ϕAt and ϕAb apart from the much weaker ϕAt dependence
of θt˜. Note that here the small value for the b˜1 mass (mb˜1 = 170 GeV) is important: for
a larger b˜1 mass the decay t˜1 → b˜1H+ would not be allowed kinematically and hence the
ϕAb dependence shown in Fig. 4 would disappear.
For MQ˜ < MU˜ the decay t˜1 → H+b˜1 dominates for all ϕAt and ϕAb resulting in a
weaker phase dependence of all branching ratios. Hence also the correlation between ϕAt
and ϕAb in B(t˜1 → χ˜+1 b) is less pronounced. However, in the scenario of Fig. 4 one has
B(b→ sγ) > 4.7× 10−4 for MQ˜ < MU˜ .
For the heavier top squark t˜2 more decay channels are open. Besides the fermionic
decay modes t˜2 → χ˜+j b, χ˜0i t (j = 1, 2; i = 1, . . . , 4) there are also the bosonic decay modes
t˜2 → W+b˜j , H+b˜j , Zt˜1, Hit˜1 (j = 1, 2; i = 1, 2, 3). In Fig. 5 (a) we show the branching
ratios for t˜2 → χ˜+1,2b and t˜2 → χ˜02,3,4t as a function of ϕAt for tan β = 6, M2 = 300 GeV,
|µ| = 500 GeV, |Ab| = |At| = 500 GeV, ϕµ = ϕU(1) = ϕAb = 0, mt˜1 = 350 GeV,
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Figure 4: Contours of B(t˜1 → χ˜+1 b) as a function of ϕAt and ϕAb for tan β = 30, M2 =
300 GeV, |µ| = 300 GeV, |Ab| = |At| = 600 GeV, ϕµ = π, ϕU(1) = 0, mt˜1 = 350 GeV,
mt˜2 = 700 GeV, mb˜1 = 170 GeV and mH± = 160 GeV, assuming MQ˜ > MU˜ . The shaded
areas are excluded by the experimental limit B(b→ sγ) > 2.0× 10−4.
mt˜2 = 800 GeV, mb˜1 = 170 GeV and mH± = 350 GeV, assuming MQ˜ > MU˜ . The ϕAt
dependence of B(t˜2 → χ˜+1,2b) is again due to a direct phase effect, because the leading
coupling ℓt˜2j , j = 1, 2 (Eq. (12)) consists of two terms, with the phase ϕt˜(≈ ϕAt) entering
only the factor Rt˜22
∗
in the second term. Therefore, the shape of B(t˜2 → χ˜+1,2b) is like
(1 ± cosϕAt). Also the phase dependence of the branching ratios into neutralinos is
mainly due to a direct phase effect. In Γ(t˜2 → χ˜0i t), i = 2, 3, 4 the phase ϕt˜(≈ ϕAt) enters
into the second term of the couplings at˜2i and b
t˜
2i (see Eq. (16)) via Rt˜22
∗
. For Γ(t˜2 → χ˜02t)
the coupling at˜22 dominates and the size of its second term is smaller than 10% of its first
term. Hence the |at˜22|2 term in the width of Eq. (21) creates its weak phase dependence like
(10 + cosϕAt). However, for Γ(t˜2 → χ˜03t) the mixing phase enters mainly into the second
term of the partial width via Re(at˜∗23b
t˜
23) ∼ Re(Rt˜22Rt˜21
∗
) ∼ cosϕt˜ ∼ cosϕAt , resulting in
a shape like (1 + cosϕAt). For Γ(t˜2 → χ˜04t) the two terms in at˜24 have comparable size
resulting in a strong ϕAt dependence of the terms |at˜24|2 and Re(at˜∗24bt˜24) in the partial
width which eventually causes the branching ratio to behave like (1− cosϕAt).
In Fig. 5 (b) we show the branching ratios for the bosonic decays t˜2 → Zt˜1 and t˜2 →
Hit˜1 (i = 1, 2, 3) for the same parameter values as above. The shape of B(t˜2 → Zt˜1) is like
(1 − cosϕAt) , which is solely due to the factor | sin 2θt˜|2 (see Eq. (25)). Quite generally,
the phase dependence of Γ(t˜2 → Hkt˜1) is the result of a complicated interplay among
the phase dependences of the Hk masses, the top squark mixing matrix elements Rt˜ij ,
the neutral Higgs mixing matrix elements Oij and the direct top squark-Higgs couplings
of t˜Lt˜Rφ1,2 and t˜Lt˜Ra. In the present example the ϕAt dependence of the partial widths
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Figure 5: ϕAt dependence of branching ratios of the decays (a) t˜2 → χ˜+1/2b (solid,
black/gray), t˜2 → χ˜02/3/4t (dashed, black/gray/light gray) and (b) t˜2 → Zt˜1 (dashdotdot-
ted), t˜2 → H1/2/3 t˜1 (long dashed, black/gray/light gray) for tanβ = 6, M2 = 300 GeV,
|µ| = 500 GeV, |Ab| = |At| = 500 GeV, ϕµ = ϕU(1) = ϕAb = 0, mt˜1 = 350 GeV,
mt˜2 = 800 GeV, mb˜1 = 170 GeV and mH± = 350 GeV, assuming MQ˜ > MU˜ . Only the
decay modes with B & 1% are shown. The shaded areas mark the region excluded by
the experimental limit B(b→ sγ) < 4.5× 10−4.
Γ(t˜2 → H1,2,3t˜1) is mainly due to the ϕAt dependence of the factors Rt˜ and C(t˜†LHit˜R) in
Eqs. (30) – (34), whereas the ϕAt dependence of the Oij is less pronounced in this case
3.
We have also calculated the branching ratios of the t˜2 decays for MQ˜ < MU˜ . In this
case no constraints on the ϕAt range from the B(b→ sγ) data arise in the given scenario.
The ϕAt dependence of B(t˜2 → Zt˜1) and B(t˜2 → H1,2,3t˜1) is very similar to that shown
in Fig. 5 (b). The leading branching ratios are now B(t˜2 → χ˜+2 b), B(t˜2 → H+b˜2) and
B(t˜2 → W+b˜2) with the values 17%, 15% and 13% for ϕAt = 0, 2π and 18%, 7% and
24% for ϕAt = π, respectively.
Furthermore we have calculated the ϕU(1) dependence of the branching ratios of the t˜2
for the scenario of Fig. 5. It turns out to be very weak because Γ(t˜2 → χ˜01t) (with χ˜01 ∼ B˜)
is suppressed in this scenario. The ϕU(1) dependence stems only from that of Γ(t˜2 → χ˜0i t),
i = 2, 3, 4. χ˜02 and χ˜
0
3,4 are wino- and higgsino-dominated, respectively. Hence the masses
mχ˜02,3,4 and mixings Nij (i = 2, 3, 4) of χ˜
0
2,3,4 are rather insensitive to the bino phase ϕU(1).
3.2 Bottom squark decays
In the discussion of b˜1,2 decays we fix tanβ = 30 because for small tan β the bottom squark
mixing is too small to be phenomenologically interesting. We fix the other parameters as
mb˜1 = 350 GeV, mb˜2 = 700 GeV, mt˜1 = 170 GeV, mH± = 150 GeV and M2 = 200 GeV.
We have chosen a relatively small value for the t˜1 mass to allow for the decay b˜1 → H−t˜1
which has a rather strong dependence on ϕAb .
3For completeness we remark that the effect of the phase dependence of t˜i − t˜j − Hk couplings also
shows up in processes like e+e− → t˜1¯˜t1H1 [52].
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Figure 6: ϕAb dependences of (a) partial widths and (b) branching ratios of the decays
b˜1 → χ˜01b (solid), b˜1 → χ˜02b (dashed), b˜1 → H−t˜1 (dotted) and b˜1 → W−t˜1 (dashdotted)
for tanβ = 30, M2 = 200 GeV, |µ| = 300 GeV, |Ab| = |At| = 600 GeV, ϕµ = π,
ϕAt = ϕU(1) = 0, mb˜1 = 350 GeV, mb˜2 = 700 GeV, mt˜1 = 170 GeV and mH± = 150 GeV,
assuming MQ˜ > MD˜.
In Fig. 6 we show the partial decay widths and the branching ratios of b˜1 → χ˜01,2b,
H−t˜1, W
−t˜1 as a function of ϕAb for |µ| = 300 GeV, |Ab| = |At| = 600 GeV, ϕµ = π
and ϕAt = ϕU(1) = 0, assuming MQ˜ > MD˜. In the region 0.5π < ϕAb < 1.5π the
decay b˜1 → H−t˜1 dominates. The ϕAb dependence of Γ(b˜1 → H−t˜1) is due to the term
mb|Ab|e−iϕAb tan β in Eq. (28). The partial decay widths Γ(b˜1 → χ˜01,2b) are almost ϕAb
independent because the ϕAb dependence of the b˜-mixing matrix Rb˜ nearly vanishes for
tan β = 30. Hence the ϕAb dependence of the branching ratios B(b˜1 → χ˜01,2b) is caused by
that of the total decay width. Γ(b˜1 → W−t˜1) is suppressed because b˜1 ∼ b˜R and t˜1 ∼ t˜R
in this scenario (since also MQ˜ > MU˜). For the scenario of Fig. 6 the case MQ˜ < MD˜ is
excluded by the experimental lower limit B(b→ sγ) > 2.0× 10−4.
The ϕU(1) dependence of the partial decay widths and branching ratios is very weak
in the scenario of Fig. 6. ϕU(1) enters only into Γ(b˜1 → χ˜0kb) (k = 1, 2) which are nearly
independent of ϕU(1) because b˜1 ∼ b˜R and hence mainly hbRk in ab˜1k and f bRk in bb˜1k contribute
(see Eqs. (16) – (19)). Then the phase of Nk1, which strongly depends on ϕU(1), almost
drops out in Eq. (21). Furthermore, the masses mχ˜0i and mixing matrix elements Nij of
the χ˜0i -sector are insensitive to ϕU(1) for large tan β.
For large tanβ one expects also a significant |Ab| dependence of Γ(b˜1 → H−t˜1) (see
Eq. (28)). This can be seen in Fig. 7 (a) where we show the contour plot of B(b˜1 → H−t˜1)
as a function of |Ab| and ϕAb for |µ| = 300 GeV, ϕµ = π, ϕAt = ϕU(1) = 0 and |At| = |Ab|,
assuming MQ˜ > MD˜. The ϕAb dependence is stronger for larger values of |Ab|. Although
Fig. 7 (a) is similar to Fig. 3 (b), the |Ab| and ϕAb dependence in Fig. 7 (a) is now caused
by the coupling mb (A
∗
b tan β + µ) in Eq. (28).
In the case MQ˜ < MD˜, we have (b˜1, t˜1) ∼ (b˜L, t˜R) (since also MQ˜ > MU˜) and hence
CH
t˜1 b˜1
∼ mt(At cotβ + µ∗) (see Eq. (27)). Therefore B(b˜1 → H−t˜1) is nearly independent
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Figure 7: Contours of B(b˜1 → H−t˜1) for tan β = 30, M2 = 200 GeV, |µ| = 300 GeV,
ϕµ = π, ϕU(1) = 0, mb˜1 = 350 GeV, mb˜2 = 700 GeV, mt˜1 = 170 GeV, mH± = 150 GeV
and (a) |Ab| = |At|, ϕAt = 0 and (b) |Ab| = |At| = 600 GeV, assuming MQ˜ > MD˜. The
shaded areas in (a) and (b) mark the regions excluded by the Higgs search at LEP (i.e.
by the condition (ii)) and by the experimental limit B(b→ sγ) > 2.0×10−4, respectively.
of ϕAb which leads to contour lines approximately parallel to the ϕAb-axis. In this case,
however, nearly the whole parameter space (i.e. the region with |Ab| . 800 GeV) shown
in Fig. 7 (a) is excluded by the limit B(b→ sγ) > 2.0× 10−4.
In Fig. 7 (b) we show the contours of B(b˜1 → H−t˜1) as a function of ϕAb and ϕAt for
|At| = |Ab| = 600 GeV and the other parameters (except ϕAt) as in Fig. 7 (a). As can
be seen, the ϕAb-ϕAt correlation is even stronger than in Fig. 4 although it has the same
origin as that of B(t˜1 → χ˜+1 b). Note that in the given scenario with mH± = 150 GeV the
constraint on B(b → sγ) is only fulfilled for a limited range of ϕAt . The case MQ˜ < MD˜
is excluded because B(b → sγ) is smaller than 2.0 × 10−4 for this case. Moreover we
want to remark that even for small tan β the b˜1,2 decay branching ratios can be somewhat
sensitive to ϕAt,b and ϕµ [38].
In case of the b˜2 decays more decay channels are open. In Fig. 8 we show the branching
ratios for the bosonic decays b˜2 →W−t˜1,2, Zb˜1, H−t˜1,2 and H1,2,3b˜1 as a function of ϕAb for
|µ| = 350 GeV, |Ab| = |At| = 600 GeV, ϕµ = ϕAt = π and ϕU(1) = 0, assumingMQ˜ < MD˜.
The branching ratios of the fermionic decays are nearly independent of ϕAb in this scenario.
The phase dependence of Γ(b˜2 →W−t˜1,2) and Γ(b˜2 → Zb˜1) is caused solely by the phase
dependence of the squark mixing angles θb˜ and θt˜ which is very weak in this scenario. The
strong ϕAb dependence of Γ(b˜2 → H−t˜1,2) is caused by the term mb (A∗b tan β + µ) in the
coupling CH
t˜ b˜
(Eqs. (27) and (28)). As b˜2 ∼ b˜R and ϕt˜ ≃ ϕAt = π in this case, the dominat-
ing term in the coupling CH
t˜b˜
is (Rt˜G)12 ≃ −e−iϕAb cos θt˜mb|Ab| tanβ+2 sin θt˜mtmb/ sin 2β
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Figure 8: ϕAb dependences of the branching ratios of the bosonic decays (a) b˜2 →
W−t˜1/2 (dashdotted, black/gray), b˜2 → H−t˜1/2 (solid, black/gray) and (b) b˜2 → Zb˜1
(dashdotdotted), b˜2 → H1/2/3b˜1 (long dashed, black/gray/light gray) for tanβ = 30,
M2 = 200 GeV, |µ| = 350 GeV, |Ab| = |At| = 600 GeV, ϕµ = ϕAt = π, ϕU(1) = 0,
mb˜1 = 350 GeV, mb˜2 = 700 GeV, mt˜1 = 170 GeV and mH± = 150 GeV, assuming
MQ˜ < MD˜.
for b˜2 → H−t˜1 and (Rt˜G)22 ≃ −e−iϕAb sin θt˜mb|Ab| tanβ − 2 cos θt˜mtmb/ sin 2β for b˜2 →
H−t˜2. Therefore, B(b˜2 → H−t˜1) and B(b˜2 → H−t˜2) behave like (1 + cosϕAb) and
(1 − cosϕAb), respectively. As in the example for the t˜2 decays (Fig. 5) the ϕAb depen-
dence of B(b˜2 → Hib˜1) (i = 1, 2, 3) is mainly due to the phase factors explicitely appearing
in Eq. (37) whereas the ϕAb dependence of the Oij is less pronounced. Furthermore, there
is only a small mixing in the bottom squark sector with b˜2 ≈ b˜R and b˜1 ≈ b˜L in this
scenario. Hence the phase dependence of B(b˜2 → Hib˜1) can be explained by the phase
dependence of C(b˜†LHib˜R) (Eq. (37)). It turns out that H1 and H3 are nearly CP-even
Higgs bosons (φ1,2) with O3i ≈ 0 and |µ|O2i ≈ |Ab|O1i (i = 1, 3), which results in the
pronounced ϕAb dependence of B(b˜2 → H1,3b˜1). H2 is mainly a CP-odd Higgs boson (a)
with O12 ≈ O22 ≈ 0 and sin β|Ab| ≫ cos β|µ|, resulting in the weak ϕAb dependence of
B(b˜2 → H2b˜1).
We have analyzed the b˜2 decay branching ratios also for MQ˜ > MD˜. The ϕAb depen-
dence of B(b˜2 → Zb˜1) and B(b˜2 → H1,2,3b˜1) are similar to those in Fig. 8 (b), but they
are smaller by a factor of ∼ 3. The other branching ratios are nearly independent of ϕAb .
However, for the scenario of Fig. 8 the case of MQ˜ > MD˜ is excluded because B(b→ sγ)
is smaller than 2.0× 10−4 for this case.
The ϕU(1) dependence of the partial decay widths and branching ratios in the scenario
of Fig. 8 with MQ˜ < MD˜ is very weak for the same reason as in the scenario of Fig. 6
with MQ˜ > MD˜ for the decays of the b˜1.
4 Parameter Determination
We now study to which extent one can extract the underlying parameters from measured
masses, branching ratios and cross sections. Having in mind that the squark masses are
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relatively large in the scenarios considered, we assume the following situations: (i) A high
luminosity linear collider like TESLA can measure the masses of charginos, neutralinos
and the lightest neutral Higgs boson with high accuracy [54, 55]. In the case that the
squarks and the heavier Higgs bosons have masses below 500 GeV, their masses can be
measured with an error of 1% and 1.5 GeV, respectively. (ii) For SUSY particles with
masses larger than 500 GeV their masses can be measured at a 2 TeV e+e− collider, such
as CLIC. The masses of heavy Higgs bosons and squarks can be measured with an error of
1% and 3%, respectively [53, 57]. For the production we can get an e− beam polarization
of P− = 0.8 and an e
+ beam polarization of P+ = 0.4. (iii) The gluino mass can be
measured at the LHC with an error of 3% [53]. (iv) mt can be measured with an error of
0.1 GeV. In this case this error can be neglected in the fitting procedure [56]. We assume
that the error on mb can also be neglected. (v) The branching ratio of b → sγ can be
measured within an error of 0.4× 10−4.
We do not take into account additional information from LHC about the t˜i and b˜i
systems, because the amount of information available strongly depends on the scenario
realized in nature [58]. For example in the SPS1a scenario the decay channel t˜i → b+ χ˜+1
cannot be identified experimentally, because the chargino decays into a scalar tau to
practically 100%. t˜i and b˜i production at LHC will probably not give enough information
about the stop and sbottom mixing angles. Moreover, the formulae for the production
cross sections at LHC, which exist in the literature are for the real case only and do not
include complex phases, which might be important for the one-loop corrections. This is
the main reason why we did not consider LHC data for the stop and sbottom systems, but
data from CLIC. To clarify the situation at LHC concerning the scenarios we considered
would require additional theoretical work including complex phases and further Monte
Carlo studies, which are beyond the scope of this paper.
Our strategy for the parameter determination is as follows:
(i) Take a specific set of values of the underlying MSSM parameters.
(ii) Calculate the masses of t˜i, b˜i, χ˜
0
j , χ˜
±
k , Hℓ, the production cross sections for e
+e− →
t˜i
¯˜tj, and e
+e− → b˜i¯˜bj , and the branching ratios of the t˜i and b˜i decays.
(iii) Regard these calculated values as real experimental data with definite errors.
(iv) Determine the underlying MSSM parameters and their errors from the “experimen-
tal data” by a fit using the program MINUIT [59].
We consider two scenarios in the following, one with small tanβ and one with large
tan β. The small tanβ scenario is characterized by: MD˜ = 169.6 GeV, MU˜ = 408.8 GeV,
MQ˜ = 623.0 GeV, |At| = |Ab| = 800 GeV, ϕAt = ϕAb = π/4, ϕU(1) = 0, M2 = 300 GeV,
µ = −350 GeV, tanβ = 6, mg˜ = 1000 GeV, andmH± = 900 GeV. (Here we do not assume
the unification relation between mg˜ and M2.) The resulting masses and their assumed
experimental errors are: mχ˜±1 = (278.5 ± 0.2) GeV, mχ˜±2 = (384.5 ± 0.3) GeV, mχ˜01 =
(148.7 ± 0.3) GeV, mχ˜02 = (277.8± 0.5) GeV, mχ˜03 = (359.1 ± 0.3) GeV, mχ˜04 = (382.0±
0.7) GeV,mH1 = (115.47±0.05) GeV,mH2 = (896.5±9.0) GeV,mH3 = (897.1±9.0) GeV,
mt˜1 = (350.0± 3.5) GeV, mt˜2 = (700.0± 21.0) GeV, mb˜1 = (170.0± 1.7) GeV, and mb˜2 =
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Table 1: Decay branching ratios (in %) for top squarks and bottom squarks in the two
considered scenarios. Corresponding values of the underlying MSSM parameters are given
in the text.
scenario with tanβ = 6 scenario with tanβ = 30
channel t˜1 t˜2 b˜1 b˜2 t˜1 t˜2 b˜1 b˜2
qχ˜01 66.4 1.6 100 0.6 0 0.6 63.5 0.6
qχ˜02 0 7.5 0 8.7 0 8.5 36.1 10.3
qχ˜03 0 13.1 0 0.3 0 11.1 0 4.6
qχ˜04 0 6.6 0 2.4 0 8.7 0 4.6
q′χ˜±1 33.1 19.2 0 9.7 100 22.5 0 14.1
q′χ˜±2 0 1.6 0 21.0 0 6.8 0 24.2
W±q˜′1 0.5 0.3 0 56.8 0 3.1 0.4 27.1
H±q˜′1 0 0 0 0 0 7.7 0 6.4
Zq˜1 − 26.9 − 0.2 − 13.1 − 1.5
H1q˜1 − 23.4 − 0.2 − 12.7 − 1.4
H2q˜1 − 0 − 0 − 2.8 − 2.7
H3q˜1 − 0 − 0 − 2.4 − 2.7
(626.0 ± 19.0) GeV. Moreover, we find B(b → sγ) = 3.6 × 10−4. The corresponding top
squark and bottom squark branching ratios are given in Tab. 1. The large tan β scenario
is specified by MD˜ = 360.0 GeV, MU˜ = 198.2 GeV, MQ˜ = 691.9 GeV, |At| = 600 GeV,
ϕAt = π/4, |Ab| = 1000 GeV, ϕAb = 3π/2, ϕU(1) = 0, M2 = 200 GeV, µ = −350 GeV,
tan β = 30, mg˜ = 1000 GeV, and mH± = 350 GeV. The resulting masses and their
assumed errors are: mχ˜±1 = (188.2± 0.5) GeV, mχ˜±2 = (374.2± 0.9) GeV, mχ˜01 = (98.2±
0.6) GeV, mχ˜02 = (188.2± 0.9) GeV, mχ˜03 = (358.5± 0.9) GeV, mχ˜04 = (371.6± 2.0) GeV,
mH1 = (113.63 ± 0.05) GeV, mH2 = (340.7 ± 1.5) GeV, mH3 = (341.1 ± 1.5) GeV,
mt˜1 = (210.0 ± 2.1) GeV, mt˜2 = (729.0 ± 22.0) GeV, mb˜1 = (350.0 ± 3.5) GeV, and
mb˜2 = (700.0±21.0) GeV. Moreover, we have B(b→ sγ) = 4.4×10−4. The corresponding
top squark and bottom squark branching ratios are given in Tab. 1. We have chosen a
relatively small b˜1 mass in the small tanβ scenario and a relatively small t˜1 mass in the
large tan β scenario. As a result of this in the two scenarios considered the observables in
the t˜i and b˜i sectors are sufficient to determine all t˜i and b˜i parameters.
We have taken the relative errors of chargino and neutralino masses from [54, 55], which
we rescale according to our scenario; in case of tanβ = 30 we have taken into account an
additional factor of 3 for the errors (relatively to tan β = 6) due to the reduced efficiency
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in case of multi τ final states from decays of charginos and neutralinos as indicated by
the studies in [7].
A detailed Monte Carlo study of the t˜1 production e
+e− → t˜1 ¯˜t1 and the t˜1 decays
t˜1 → cχ˜01 and t˜1 → bχ˜+1 at TESLA (
√
s = 500 GeV and L = 500 fb−1) has been performed
in [10] for real MSSM parameters. These results cannot directly be used for our error
analysis, because we consider additional t˜1 and t˜2 decays. To the best of our knowledge
no Monte Carlo studies exist which include all of the t˜1 and t˜2 decays considered in our
analysis. Therefore, we have taken only statistical errors for the production cross sections
and branching ratios by calculating the corresponding number of events for the decay
t˜1 → X as
N = 2L
[
σ(t˜1
¯˜t1) + σ(t˜1
¯˜t2)
]
B(t˜1 → X) (45)
and analogously for t˜2, b˜1 and b˜2 decays. For definiteness we take an integrated luminosity
L = 1 ab−1 at a c.m.s. energy √s = 2 TeV (i.e. at CLIC). We do not take systematic
experimental errors for the cross sections and branching ratios into account since we are
not aware of any study considering the systematic errors. Instead we have doubled the
statistical errors obtained above. The evaluation of the systematic experimental errors
would require further Monte Carlo studies for a specific linear collider which, however,
are beyond the scope of our paper.
For the determination of the squark parameters we have used the information ob-
tained from the measurement of the squark masses at threshold and the squark pro-
duction cross sections at
√
s = 2 TeV for two different (e−, e+) beam polarizations
(P−, P+) = (0.8,−0.4) and (P−, P+) = (−0.8, 0.4). Here we have assumed that a to-
tal effective luminosity of 1 ab−1 is available for each choice of polarization. The cross
section measurements are important for the determination of | cos θt˜|2 and | cos θb˜|2 as can
be seen from Eq. (25) and the formulas for the cross sections in [9]. In the numerical
evaluation of the squark production cross sections we have included initial state radiation
according to [60]. In addition we have used the information from all branching ratios in
Table 1 with the corresponding statistical errors. These branching ratios together with
the masses and cross sections form an over-constraining system of observables for the
underlying parameters M2
D˜
, M2
U˜
, M2
Q˜
, Re(At), Im(At), Re(Ab), Im(Ab), Re(M1), Im(M1),
M2, Re(µ), Im(µ), tan β, mg˜, and mH± . The latter two enter the formulas for the neu-
tral Higgs masses and mixing. We determine these parameters and their errors from the
“experimental data” on these observables by a least-square fit. The results obtained are
shown in Table 2. Note that the sign ambiguity for the imaginary parts of the parameters
is due to the fact that we consider CP-even observables. This ambiguity can in principle
be resolved by considering appropriate CP-odd observables (as proposed in [20] – [22]) in
the analysis. As one can see, all parameters except Ab can be determined rather precisely.
tan β can be determined with an error of about 3% in both scenarios. The relative error
of the squark mass parameters squared is in the range of 1% to 2%. At can be measured
within an error of 2 – 3% independently of tan β. The reasons for this are: (i) the mixing
angle in the top squark sector, which can be measured rather precisely using polarized
e± beams, depends strongly on At and (ii) At influences strongly the corrections to the
mass of the lightest Higgs boson. The situation for Ab is considerably worse: in case of
small tanβ one gets only an order of magnitude estimate. The reason is that both the
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Table 2: Extracted parameters from the “experimental data” of the masses, production
cross sections and decay branching ratios of t˜i and b˜i. The original parameters for each
scenario are given in the text.
scenario tan β = 6 scenario tanβ = 30 scenario
M2
D˜
(2.88± 0.06)× 104 (1.30± 0.02)× 105
M2
U˜
(1.67± 0.04)× 105 (3.93± 0.12)× 104
M2
Q˜
(3.88± 0.04)× 105 (4.79± 0.04)× 105
Re(At) 565.0± 13.0 424.0± 14.0
Im(At) ±566.0± 14.0 ±425.0± 15.0
Re(Ab) 620.0± 190.0 6.5± 420.0
Im(Ab) ±230.0± 580.0 ±999.0± 52.0
Re(M1) 149.3± 0.3 99.6± 0.6
Im(M1) 1.0± 1.5 −0.5± 2.8
M2 300.0± 0.4 200.0± 0.5
Re(µ) −350.0± 0.3 −350.0± 0.6
Im(µ) −0.02± 0.9 1.5± 5.0
tan β 6.0± 0.2 30.0± 0.8
mg˜ 1000.0± 30 1000.0± 30
mH± 900.0± 5.0 350.0± 0.8
bottom squark mixing angle and the bottom squark couplings depend only weakly on Ab
for small tan β. In case of large tan β the situation improves somewhat in particular for
the imaginary part of Ab. The main sources of information on Ab are the branching ratios
of the decays of the heavier bottom squark into a Higgs boson plus the lighter bottom
squark because the corresponding couplings depend significantly on Ab (see Eqs. (35) –
(37)). From this we conclude that the situation for Ab improves in scenarios where these
branching ratios are large. An additional source of information could be the polariza-
tion information of the fermions in bottom squark decays as proposed in [12]. We have
found that the analogous fit procedure for real MSSM parameters gives a larger value
for χ2: ∆χ2 = 286.6 for the scenario with tan β = 6 and ∆χ2 = 22.5 for the scenario
with tan β = 30. In Table 2 most of the central values of the fitted parameters are the
same as their input values because we have taken the observables calculated from the
input parameters as “experimental data”. We have checked that a shift within 1σ of the
“experimental data” leads to almost no change of the errors of the parameters.
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The results presented in Table 2 depend clearly on the assumed experimental errors
which have been summarized in the beginning of this section. It is clear that further
detailed Monte Carlo studies including experimental cuts and detector simulation are
necessary to determine more accurately the expected experimental errors of the observ-
ables for our scenarios, in particular the errors of the top squark and bottom squark decay
branching ratios. Such a study is, however, beyond the scope of this paper. Furthermore,
an additional source of uncertainty is the theoretical error due to higher order corrections
etc. [43, 44]. We have not taken into account these effects because most formulae given
in the literature are only for real parameters. Instead we have studied how our results for
the errors of the fundamental parameters are changed when the experimental errors of
the various observables are changed: we have redone the procedure doubling the errors of
the masses and/or branching ratios and/or cross sections. We find that the errors of all
parameters are approximately doubled if all experimental errors are doubled. Moreover,
in this way we can see to which observables an individual parameter is most sensitive.
We find that precision on the top squark parameters At,M
2
Q˜
and M2
U˜
is sensitive to the
accuracy of the top squark mass measurement at the threshold as well as to the precision
of the measurement of the total top squark pair production cross sections in the contin-
uum using polarized e± beams. The error of At is also very sensitive to the error of the
lightest Higgs boson mass due to the large top squark loop corrections. The precision
on the parameters M2
D˜
and M2
Q˜
is sensitive to the accuracy of the bottom squark mass
measurement. The accuracy of Ab is most sensitive to the precision of the measurements
of the branching ratios for the bottom squark (and top squark) decays into Higgs bosons.
The precision of µ is more sensitive to the errors of chargino and neutralino masses than
to the errors of the top squark and bottom squark observables. In the case of large tanβ,
the precision of tanβ depends to some extent on the precision of the bottom squark pair
production cross sections and to a lesser extent also on that of the bottom squark decay
branching ratios.
For the determination of the t˜i and b˜i parameters the measurements of the branching
ratios of the squark decays into Higgs bosons together with those of the squark mixing
angles from the production cross sections are important. Therefore, we need to obtain
information about t˜1, t˜2, b˜1 and b˜2 production and decays separately. This can be achieved
at a Linear Collider by suitable choices of the c.m.s. energy. We remark that, in the case
mt˜2 , mb˜2
>∼ 500 GeV the measurements of the cross sections, masses and branching ratios
of t˜2 and b˜2 at an e
+e− linear collider with
√
s = 2 TeV are necessary for the determination
of At and Ab, otherwise this might not be possible. However, additional information from
the LHC on the t˜i and b˜i masses and some of the decay channels would certainly improve
the situation. In the error estimate presented here we have assumed that many decay
channels of the t˜i and b˜i are open. If this is not the case, then the missing information
could be obtained by studying the decay properties of the heavier charginos, neutralinos
and Higgs bosons into t˜i and b˜i.
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5 Summary
In this paper we have studied the decays of top squarks t˜i and bottom squarks b˜i in
the MSSM with complex parameters At, Ab, µ and M1. We have taken into account
the explicit CP violation in the Higgs sector induced by t˜i and b˜i loops in the case At,b
and µ are complex. We have presented numerical results for the fermionic and bosonic
decay branching ratios of t˜i and b˜i (i = 1, 2). We have analyzed their MSSM parameter
dependence, in particular the dependence on the CP phases ϕAt , ϕAb, ϕµ and ϕU(1). We
have found that the experimental data of the branching ratio of the decay b→ sγ can lead
to considerable restrictions on the MSSM parameter space. In the case of t˜i decays the
strong dependence on ϕAt and ϕµ is due to the phase dependence of the mixing angle θt˜, of
the mixing phase factor eiϕt˜ and of the Higgs couplings G12 (= C
H
b˜R t˜L
), G21 (= C
H
b˜L t˜R
) and
C(t˜†LHit˜R). In the case of b˜i decays there can be strong ϕAb dependence if tan β is large
and the decays into Higgs bosons are allowed. If the parameters At, Ab, µ and M1 are
complex and there is mixing between the CP-even and CP-odd Higgs bosons, the decay
pattern of t˜i and b˜i is even more complicated than that in the case of real parameters.
This could have important implications for t˜i and b˜i searches at future colliders and the
determination of the underlying MSSM parameters.
We have also estimated what accuracy can be expected in the determination of the
underlying MSSM parameters by a global fit of the observables (masses, branching ratios
and production cross sections) measured at typical linear colliders with polarized beams.
We have considered two scenarios with tanβ = 6 and tan β = 30. Under favorable
conditions the fundamental MSSM parameters except At,b can be determined with errors
of 1% to 2%, assuming an integrated luminosity of 1 ab−1. The parameter At can be
determined within an error of 2 – 3% whereas the error of Ab is likely to be of the order
of 50%.
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Appendix
A Masses and mixing in the neutral Higgs sector
In the complex MSSM the explicit CP violation in the Higgs sector is mainly induced
by t˜ and b˜ loops resulting in a 3 × 3 neutral Higgs mass matrix with a mixing of the
CP-even Higgs bosons φ1 and φ2 and the CP-odd Higgs boson a. At one-loop level the
amount of mixing of CP-even and CP-odd Higgs states is approximately proportional to
sin(ϕAt,b + ϕµ). The three neutral mass eigenstates are denoted as Hi (i = 1, 2, 3) with
masses mH1 < mH2 < mH3 (following the notation of [28]). The real orthogonal mixing
matrix in the neutral Higgs sector is denoted by a 3× 3 matrix O:


H1
H2
H3

 = OT


φ1
φ2
a

 , (46)
where φ1, φ2 and a are related to the neutral entries of the two Higgs doublet fields by
H01 = 1/
√
2(v1 + φ1 − ia1), H02 = 1/
√
2(v2 + φ2 + ia2) and a = − sin βa1 + cos βa2. We
take the parameter ξ = 0 as in [28]. We have included the full one-loop corrections to the
Higgs mass eigenvalues mHi and the mixing matrix Oij as implemented in the program
FeynHiggs2.0.2 [30]. We use these results for mHi and Oij in our tree-level formula for
the t˜2, b˜2 decay widths (Eq. (42)) and in the constraint (ii).
B Chargino Masses and Mixing
At tree-level the chargino mass matrix in the weak basis is given by [1, 61]
MC =


M2
√
2mWsβ
√
2mW cβ |µ|eiϕµ

 . (47)
cβ and sβ are cos β and sin β, respectively. This complex 2× 2 matrix is diagonalized by
the unitary 2× 2 matrices U and V :
U∗MCV † = diag(mχ˜±1 , mχ˜±2 ), 0 ≤ mχ˜±1 ≤ mχ˜±2 . (48)
We have neglected one-loop corrections to the chargino mass matrix MC, as have been
given in [44, 62] for real parameters.
25
C Neutralino Masses and Mixing
At tree-level the neutralino mass matrix in the weak basis (B˜, W˜ 3, H˜01 , H˜
0
2 ) is given as
[1, 61]:
MN =


|M1|eiϕU(1) 0 −mZsW cβ mZsWsβ
0 M2 mZcW cβ −mZcWsβ
−mZsW cβ mZcW cβ 0 −|µ|eiϕµ
mZsW sβ −mZcW sβ −|µ|eiϕµ 0


, (49)
where ϕU(1) is the phase of M1, and cW and sW are cos θW and sin θW , respectively. This
symmetric complex mass matrix is diagonalized by the unitary 4× 4 matrix N :
N∗MNN † = diag(mχ˜01 , . . . , mχ˜04), 0 ≤ mχ˜01 ≤ . . . ≤ mχ˜04 . (50)
We have not included one-loop corrections to the neutralino mass matrixMN , like those
given in [44, 62] for real parameters.
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